In the absence of an interaction, central bars might be the most effective mechanism for radial motions of gas in barred spiral galaxies, which represent two-thirds of disc galaxies. The dynamical effects induced by bars in the first few kpc of discs might play an important role in the disc profiles in this region. In this work, a chemical evolution model with radial gas flows is proposed in order to mimic the effects of the Milky Way bar in the bulge and inner disc. The model is an update of a chemical evolution model with the inclusion of radial gas flows in the disc and bulge. The exchange of gas between the cylindrical concentric regions that form the Galaxy is modelled considering the flows of gas from and to the adjacent cylindrical regions. The most recent data for the bulge metallicity distribution are reproduced by means of a single and longer bulge collapse time-scale (2 Gyr) than other chemical evolution models predict. The model is able to reproduce the peak in the present star formation rate at 4 kpc and the formation of the molecular gas ring. The model with a bar predicts a flattening of the oxygen radial gradient of the disc. Additionally, models with radial gas flows predict a higher star formation rate during the formation of the bulge. This is in agreement with the most recent observations of the star formation rate at the centre of massive barred spiral galaxies.
INTRODUCTION
Since the seminal papers of Eggen et al. (1962) , Tinsley & Larson (1978) , Searle & Zinn (1978) , and Shaver et al. (1983) on the Milky Way galaxy (MWG) chemical evolution, many studies were performed both theoretically (e.g. Ferrini et al. 1994; Mollá & Ferrini 1995; Chiappini et al. 1997; Hou et al. 2000; Chiappini et al. 2001; Ballero et al. 2007 ) and observationally (e.g. Maciel & Koppen 1994; Vilchez & Esteban 1996; Henry & Worthey 1999; Costa et al. 2004; Zoccali et al. 2008) . In general, these works, among others, focused on studying independently the chemical evolution of each Galactic region. Except for the exchange of matter through gas infalling from the halo to the disc, these chemical evolution models do not consider interactions among other Galactic structures, as for example the disc and the bulge via radial gas flows.
The effects of radial gas flows on the Galactic abundance gradients were first analysed by Tinsley & Larson ⋆ E-mail: cavichia@astro.iag.usp.br (1978) , who concluded that they cannot be neglected in chemical evolution models. Subsequently, Mayor & Vigroux (1981) considered radial gas flows in a chemical evolution model in the particular case of inflow driven by the infall of gas with zero angular momentum. Later, Lacey & Fall (1985) proposed a more realistic model, suggesting radial flows driven by three different mechanisms: a) infalling gas with a lower angular momentum than the gas rotating in the disc produces an inflow in the disc at a velocity of a few km/s; b) viscosity in the rotating gas layers might cause inflows in the inner regions and outflows in the outer regions with velocities of the order of 0.1 km/s; c) interactions of the gas with a bar or spiral density wave in the stellar disc will cause radial inflows and outflows in the regions inside and outside the corotation, respectively, with velocities of ∼0.3 km/s at a distance of 10 kpc from the Galactic Centre. Posteriorly, Goetz & Koeppen (1992) , studying theoretically how to form a radial gradient of abundances, found that radial flows alone cannot produce abundance gradients, but they are an efficient process to modify (flattening or steepening) one generated by other processes such as a slow infall. More recently, Spitoni & Matteucci (2011) de-veloped a chemical model for the Galactic disc, including radial flows as a dynamical consequence of infall of gas in the disc. A variable inflow speed is required in their model to explain the observed gradients. Their radial flows scheme was applied by Mott et al. (2013) to study the effects of gas flows at high redshifts. They concluded that radial flows are very important to reproduce the abundance gradients and their temporal evolution. Schönrich & Binney (2009) proposed a model with radial mixing of gas and stars that is able to fit the observational data of the Geneva-Copenhagen survey (Nordström et al. 2004) . This model was updated by Bilitewski & Schönrich (2012) , who proposed a simple analytic scheme to describe the coupling of infalling gas from the intergalactic medium and radial flows within the disc based on angular momentum conservation.
In the absence of interactions, central bars might be the most effective mechanism for radial motions of gas and mixing in barred spiral galaxies, which represent two-thirds of disc galaxies. Pagel et al. (1979) first suggested that barred spirals may have flatter gradients compared to normal spirals, a pattern clearly supported in the more extensive work by Martin & Roy (1994) , who found direct relations between the slope of the observed oxygen abundance gradient of a barred spiral and the galaxy's bar strength (ellipticity) and length in the sense that stronger bars are accompanied by flatter gradients. This empirical result is consistent with numerical models (e.g. Athanassoula 1992; Friedli et al. 1994; Ann & Thakur 2005) in which the presence of a bar enhances large-scale mixing over the galaxy's disc, damping radial abundance variations. Recent numerical simulations (Minchev et al. 2012) have predicted that bars can induce large-scale gas flows across the discs of these galaxies with rates in the range of 0.1 − 10 M ⊙ yr −1 , but resulting in a non-linear behaviour, since they produce a flattening in the disc at regions located beyond the outer Lindblad resonance (OLR) and simultaneously they may create a steeper radial distribution in the inner disc. In fact this is also found observationally; for example, Elmegreen et al. (2009) found an inflow of gas of ∼ 6 M ⊙ yr −1 in the inner disc of NGC 1365 while it is ∼ 40 M ⊙ yr −1 out of the OLR. This implies that the gas accumulates in a ring near the inner Lindblad resonance (ILR), which in turn may provoke an increase in the star formation rate (SFR; Zurita et al. 2004 ) and, consequently, higher abundances than those expected in the disc.
Another example of the effects of bars is the changes observed in bulges of external spiral galaxies, as can be seen in the work of Coelho & Gadotti (2011) . The authors found a bimodal age distribution in the bulges of barred spiral galaxies based on a stellar population synthesis investigation, with mean ages of 4.7 and 10.4 Gyr. Unbarred galaxies do not show this bimodal distribution, perhaps implying that bars have the effect of rejuvenating bulges through gas flows towards the centre of these galaxies driven by the secular evolution of the bars. Similar results were found by Ellison et al. (2011) , where the study of a sample of 294 galaxies with visually classified, strong, large-scale bars is compared to that of a control sample of unbarred disc galaxies, showing that bars can also enhance the central star formation in massive barred galaxies. Recently, Fisher et al. (2013) have measured the molecular gas in the centre of spiral galaxies, comparing the results for barred and unbarred ones and relating them with the star formation and the stellar masses.
They found that galaxies with high molecular gas densities in their bulges are mainly barred. However, they also found that classical bulges with low gas surface density may also be barred. They suggested that in order to understand the connection between the existence of a bar and the gas surface density in the bulges, it is necessary to take into account both phases of gas.
The dynamical effects induced by the galactic bars in the first few kpc of the galactic discs might play an important role in the disc profiles at this region (Gutiérrez et al. 2011; Di Matteo et al. 2013; Fisher et al. 2013) . In fact, Portinari & Chiosi (1999) already noticed that even using a set of different star formation laws, none was able to reproduce at the same time the metallicity gradient and the radial gas profiles of the Milky Way inner disc. This problem was addressed by Portinari & Chiosi (2000, hereafter PC00) , who developed a chemical model with radial gas flows in order to reproduce, at the same time, the metallicity gradient and the radial gas profile of the disc. Their successful model includes a specific gas velocity pattern that mimics the dynamical effects of the Galactic bar and reproduces the peak in the gas distribution around 4 kpc.
Regarding the bulge, the recent observational data of Babusiaux et al. (2010) , Hill et al. (2011) and Bensby et al. (2013) point that the Galactic bulge has two main populations. One metal-poor, which reflects the classical bulge component formed on a short time-scale and giving rise to the old spheroid population, and a metal-rich population, including a bar kinematics and probably originated in a longer time-scale driven by the secular evolution of the Galactic bar, forming the pseudo-bulge. Therefore, given these results, the Galactic bulge could have the characteristics of both classical bulge and pseudo-bulge. This scenario was predicted by Wyse & Gilmore (1992) and Samland & Gerhard (2003) , the latter by means of a dynamical model, and recently by Tsujimoto & Bekki (2012) , Grieco et al. (2012) and Obreja et al. (2013) . In the model by Grieco et al. (2012) , the metal-rich population is explained by assuming a delay relative to the formation of the metal-poor population, formed out of a substantially enriched gas, and on a longer time-scale of ∼3 Gyr. On the other hand, in the model by Tsujimoto & Bekki (2012) , the metal-rich population is formed from an inflow of gas from the inner thin disc in a time-scale of ∼ 4 Gyr, although the details of such inflow in the inner disc are not explored in their work. Obreja et al. (2013) analysed the bulges resulting from cosmological simulations. They showed an important early starburst resulting from the collapse-like fast phase of mass assembly, followed by a second phase with lower star formation, driven by a variety of processes such as disc instabilities and/or mergers. These authors suggested that bulges of massive spiral galaxies will generically have two bulge populations that could be connected to classical and pseudo-bulges.
The present paper is a further step in the study of the relation between radial gas flows and the chemical evolution of the Milky Way disc and bulge. Our main goal is to analyse in detail the role of radial gas flows not only in the abundance gradient of the disc, but also in the formation and evolution of the Galactic bulge. Moreover, we can fit our models to observational data of the disc that are much richer than were available to PC00. This paper is organized as follows: Section 2 describes the chemical evolution model, the bulge parameters used, and the inclusion of the radial gas flows. Section 2 also describes the Galactic bar parameters and the effects of the bar on the radial gas flows. The description of the observational data which the models will be compared against is given in Section 3. The results of models with radial gas flows applied to the bulge and the disc are shown in Section 4. This section also presents the results from the model with radial gas flows within the disc based on angular momentum conservation. In Section 5 the summary and conclusions are presented.
THE CHEMICAL EVOLUTION MODEL
The chemical evolution model is an update of the model developed by Mollá & Díaz (2005, their model using the radial mass distribution 28 with efficiencies corresponding to N = 4, hereafter MD05), where the authors presented a generalization of the multiphase chemical evolution model applied to a wide set of theoretical galaxies with different masses and evolutionary rates. The version of the model presented by MD05 is a generalization of the model developed by Ferrini et al. (1992) for the solar neighbourhood, and later applied to the whole Milky Way disc by Ferrini et al. (1994) and other spiral galaxies by Mollá et al. (1996) and Mollá & Roy (1999) . The model was also applied to the Milky Way bulge and the bulges of external spiral galaxies in Mollá & Ferrini (1995) and Mollá et al. (2000) . The main differences of the model presented in this work and that presented by MD05 is the inclusion of radial gas flows and the central bulge in order to compute the chemical evolution of the main components of the Galaxy together. This is a more realistic approach, since the interactions via radial flows between the bulge and disc can be taken into account in the present model. In this section we briefly describe some important aspects of the model, referring to the original papers for a more detailed description.
Bulge parameters
The central bulge was included in the code following Mollá & Ferrini (1995) and Mollá et al. (2000) . In these models, the bulge is an oblate spheroid flattened on the Galactic plane with a semi major axis x = 2 kpc and a semi minor axis z = 1.5 kpc (Kent 1992) .
In order to maintain the generalizations of the model introduced by MD05, the bulge mass (M b ) is now computed from the relation between M b and M d , the disc mass. This relation is obtained from a correlation between the bulgeto-disc light ratio (B/D) and the disc-to-total light ratio (D/T ) for SB galaxies. Weinzirl et al. (2009) performed twodimensional bulge-disc-bar decomposition on H-band images of 143 bright, high mass (M⋆ 1.0 × 10 10 M ⊙ ), and low-to-moderately inclined (i < 70
• ) spirals. Fig. 1 shows the bulge-to-disc light ratio as a function of the disc-to-total light ratio for SA, SAB and SB galaxies, as classified by Weinzirl et al. (2009) .
The total light is defined by Weinzirl et al. (2009) as T = D + B + Bar. In the case of the SA galaxies, there is no contribution of the bar luminosity, so that T = D + B. Therefore, for the SA galaxies, the bulge-to-disc light ratio as a function of the disc-to-total light ratio can be written as B/D = (D/T ) −1 − 1. This function is shown as the dotted curve in Fig. 1 . The B/D versus D/T relations for the SAB and SB galaxies do not follow this curve, since the bar luminosity is not included in the bulge luminosity. A linear fit to this relation resulted in the dash-dotted and dashed lines for the SAB and SB galaxies, respectively, as shown in this figure. The SAB galaxies have the linear relation
with a strong linear correlation coefficient of -0.81. Similarly, the linear fit for the SB galaxies resulted in
with a moderate linear correlation coefficient of -0.77. Considering the MWG, in our models the disc optical radius is ∼ 13 kpc, the disc mass and the total mass at this radius are 8.79 × 10 10 and 12.83 × 10 10 M ⊙ , respectively. Assuming a mass-to-light ratio of 1 (Kent 1992) , then D/T ∼ 0.69 and, from equation (2) Fig. 2 , where the bar-to-disc light fraction as a function of the disc-to-total light fraction is shown. The linear fit resulted in a slope and an intercept of −1.2 ± 0.2 and 1.1 ± 0.1 for SAB galaxies, and −1.0 ± 0.1 and 0.99 ± 0.09 for SB galaxies, respectively. The linear correlation between Bar/D versus D/T is strong, with a linear correlation coefficient of -0.83 for both types of spiral galaxies. The bar-to-disc light fractions of these galaxies are very similar, so that the Bar/D contribution for the total light is almost the same in the cases of SAB and SB galaxies. This cause the superposition of SAB and SB galaxies in the plane B/D versus D/T . It is interesting to note that the Bar/D light ratio can be inferred from the D/T light ratio in Fig. 2 . This can be used in the study of the role of bar formations and the relation between gas inflows into the central kpc and the secular formation of pseudo-bulges. Thus, quantifying bar properties, such as the fractional light and disc mass ratio (Bar/D), can yield insight into these processes.
In Mollá & Ferrini (1995) , the parameters for star and cloud formation in the bulge were calculated by following their radial variation from the disc towards the Galactic Centre. Here we follow Mollá et al. (2000) , where the bulge is a distinct structure from the disc, formed by the infall of gas from the halo. But, instead of treating the bulge as an isolated structure with respect to the disc as in Mollá et al. (2000) , in this work the bulge and the disc are allowed to interact and exchange gas via radial gas flows. This is very common in barred spiral galaxies in which bars are an efficient way to transport gas towards the centre of these galaxies (e.g. Friedli et al. 1994; Elmegreen et al. 2009 ). The details of the radial gas flows will be explained in Section 2.3.
Element production and chemical evolution
The Galaxy is assumed as a three-structure system with a halo, a disc, and a bulge. The Galaxy is divided into concentric cylindrical regions, each 2 kpc wide. The total initial halo mass is assumed to be in the form of gas. The total mass M and its radial distribution M (R) are calculated from the respective rotation curves V (R), and these rotation curves are derived from the universal rotation curve from Persic et al. (1996) . From the rotation curve, it is possible to calculate the radial mass distribution with the expression:
The halo gas collapses to fall in the equatorial disc, originating the disc or bulge as a secondary structure. The infalling gas from the halo is parametrized by f × g h , where g h is the halo gas mass and f is the infall rate. The mass which remains in the halo gives a ratio M h /M d for the baryonic component. The collapse time-scale, which defines this infalling gas rate, depends on the galactocentric distance through the expression:
where it is assumed that the total mass surface density follows the surface brightness exponential shape. In this equation, τ d = 4 Gyr, R d = 4.06 kpc is the disc-scale length and Rc = Ropt/2 = 6.5 kpc is the characteristic disc radius, where Ropt is the disc optical radius. The reader is referred to e.g. MD05 and Ferrini et al. (1994) for details. Regarding the bulge, in order to reproduce the giant star metallicity distribution function (MDF), the collapse time-scale is fixed to 2 Gyr in this work, which is longer than the disc collapse time-scale projected in the direction of the Galactic Centre. In the multiphase model, the star formation is a twostep process: first the diffuse gas forms molecular clouds. Then stars form from cloud-cloud collisions or by the interaction between massive stars and the molecular gas. The former is called spontaneous star formation and the latter induced star formation. The mass in the different phases of each region changes by the processes associated with the stellar formation and death by the star formation due to spontaneous fragmentation of gas in the halo; formation of gas clouds in the disc from the diffuse gas; induced star formation in the disc due to the interaction between massive stars and gas clouds; and finally, the restitution of the diffuse gas associated with these processes of cloud and star formation. In the halo, the SFR for the diffuse gas follows a Schmidt law with a power index n = 1.5. In the disc, the stars form in two steps: first, molecular clouds are formed from the diffuse gas also following a Schmidt law with n = 1.5 and a proportionality factor µ. The stars are produced by a spontaneous process associated with cloud-cloud collisions at a rate which is proportional to an efficiency H ′ , and a stimulated star formation process proportional to an efficiency a ′ is assumed. The enriched material is originated from the stars at the end of their evolution, taking into account their nucleosynthesis, initial mass function (IMF) and the final fate, either through a quiet evolution or by Type I and II supernova explosions.
The model uses an IMF from Ferrini et al. (1990) given by
where a = log m. The original model was modified to include metallicitydependent yields. The yields for high-mass stars are from Woosley & Weaver (1995) , while those for low mass stars are from Gavilán et al. (2005) . Type I supernova releases are considered including the model revised by Iwamoto et al. (1999) . The SNIa rates are computed using the data provided by Ruiz-Lapuente et al. (2000) , as described in Gavilán et al. (2006) .
Radial flows

Model equations
The complete set of first-order non-linear integrodifferential equations for each zone to be solved is given by Mollá et al. (1996) and Ferrini et al. (1992) . As mentioned by Ferrini et al. (1992) , this system of equations may be treated as a purely differential system by choosing a suitable time interval ∆τ , inside which the integral terms could be considered constant. This time interval is also the timestep between the model outputs, which are stored in the memory during the lifetime of the MWG. We assume ∆τ ≈ 10 6 yr and we were able to check the stability of the solution and, consequently, the goodness of the approximation by varying ∆τ by a factor of 2 around this value. Since a star of mass 100 M⊙ will die in a time-scale of 3.5 Myr, using ∆τ ≈ 10 6 yr we make sure that the time resolution is sufficient to compute the chemical evolution of the most massive star in our model.
Here we just describe the processes associated with the variation of the gas mass and the chemical evolution inside each radial zone. The time variation of the gas mass g is given by
The first term in this equation is related to the cloud formation from diffuse gas, the second is the remaining gas from the induced star formation via massive star-cloud interaction, the third is the remaining gas after the star formation from cloud collisions, the fourth is the infalling gas from the halo and the fifth is the restitution of the mass due to the death of stars. The novelty in equation (6) is the last term F rf , the radial flows between radial zones. This term is defined as
where F1(k) and F2(k) are functions that define the flow of gas that is leaving and entering the shell r k . Each of these functions can be separated into two other functions as
and
These function are illustrated in Fig. 3 and correspond to mass flows in the following directions.
(1) Inwards the shell r k from the shells r k+1 and r k−1 , which correspond to F21 and F22, respectively.
(2) Outwards the shell r k to the shells r k+1 and r k−1 , which correspond to F11 and F12, respectively.
The flows in the k shell can be written in terms of the gas surface density σ(k) and the velocity v k as
Since the equations of our models depend on the gas mass instead of the gas surface density, the latter can be written in terms of the gas mass g(k) as
where ∆r k = r k+1/2 − r k−1/2 is the width of each ring and is fixed to be 2 kpc. The function χ is a step function defined as:
In the case of v k > 0 (flow towards the Galactic Centre), F11 and F22 vanish, while F12 and F21 are positive. In this case, F1 = F12 and F2 = F21. On the other hand, if v k < 0 (flow towards the Galactic anticentre), F12 and F21 vanish and F1 = F11 and F2 = F22. We assume that there are no flows from the outer regions of the Galactic disc where star formation is not present. This is an acceptable approximation since Bilitewski & Schönrich (2012) found that radial accretion from the outer disc gas reservoir should be small.
In the innermost shell, we have k = 0 and in this case v −1/2 = 0, since we cannot have inflows from an inner region. On the other hand, outflows are allowed with the following flow equation:
In the subsequent shell, the inflow term from the k = 0 shell can be written:
The set of equations for the chemical evolution in each ring are obtained from Ferrini et al. (1992) and are given by:
All terms in this equation depend on the index k and is omitted to alleviate the notation. 
whereQij(m) are the restitution matrices (see e.g. Ferrini et al. 1992 ), m0 = 0.1, m f = 100 M ⊙ and τm is the main-sequence lifetime of a star of mass m. The parameter c is the cloud mass in the disc. The last term ∆i is the increase or decrease of Xi due to the flows of gas and is defined as:
As discussed by Lacey & Fall (1985) , gas flows in the disc can be generated by the viscosity ν in the gas layer. This viscosity will induce an inward flow in the inner parts of the Galaxy and an outward in the outer parts with velocity |v| ∝ ν/r. The authors estimate that ν ≈ 1 km s −1 kpc for H i clouds. In the case of a uniform radial flow pattern vr, the velocities of the flows are given by v k = vr/r k , where 0 < vr < 1 km s −1 . Another argument on the limit of the flow velocity is the mass conservation. Radial flows must be compensated by the formation of stars in the centre. On the contrary, the disc will deviate from a 1/r profile and will become unstable (see Struck-Marcell 1991) . Massive star formation will ensure that the excess of mass is expelled out of the region through some sort of wind phenomenon similar to that produced by supernova explosions. Therefore, to maintain a 1/r profile, there should exist a limit on the radial flow velocity. This limit depends on the total local surface mass density and on the SFR in the central region (Struck-Marcell 1991) . For example, Struck-Marcell (1991) gives the following relation between the SFR and gas surface densities and the flow velocity:
Radial flows in barred galaxies are funnelled to the Galactic Centre along the bar. Hence, we can assume that the flow going to the central kpc of the MWG corresponds to 10 per cent of the total flow of the disc. Using the KennicuttSchmidt law with a power index n = 1.4 and equation (21), we can find that
Taking the gas surface density of the radial flow at 3 kpc to be ∼ 5 M⊙pc −2 , we can find that a flow of velocity vr ∼ 7 km s −1 could sustain the SFR at the MWG central kpc. If the bar induces a radial flow with a velocity larger than this limit, there should be some mass-loss. A stronger flow will contribute to dilute the enriched material ejected from the evolved stars and, consequently, the flattening of the radial abundance gradient is expected in this case.
The Galactic bar
The dimensions and orientation of the Galactic bar are not well established. This is the result of our location inside the Galaxy, where any determination of these parameters is difficult because of the reddening by the Galactic dust layer, which obscures the stellar components of the Galaxy in the optical wavelengths. A complete review about the parameters of the bar is out of the scope of this paper and the reader is referred to Dwek et al. (1995) (Gerhard 2011).
The simulations of Friedli et al. (1994) pointed that in a stationary barred potential, a net gas inflow is observed inside the bar CR, and a net outflow is observed between the CR and the OLR. The so-called forbidden velocities in the (ℓ, v) diagram for 12 CO and the similar results for H i 21 cm (see e.g., Dame et al. 2001) are also a direct signature of non-circular orbits in the inner Galaxy, which is interpreted as inner Galaxy gas flows caused by a barred Galactic potential (Binney et al. 1991) . Indeed, Englmaier & Gerhard (1999) have performed hydrodynamical simulations for the gas dynamics in the inner disc and noticed a substantial mass inflow in this region.
In order to include the effects of the Galactic bar in the inner few kpc of the MWG, the radial flow velocity pattern described by PC00 in their fig. 15 is adopted. In this case, the Galactic bar ends in correspondence to its CR radius around 3 kpc, and it has an OLR around 4.5 kpc. Gas-dynamical models (e.g. Englmaier & Gerhard 1999; Fux 1999) give a range of 3 < RCR < 4.5 kpc. In this work, the bar CR radius is RCR ∼ 3 kpc, as in PC00. In this case, the gas flow is outwards from the CR towards the OLR where it accumulates. The age of the Galactic bar (T bar ) is not well established and Cole & Weinberg (2002) , by using data from the Two Micron All-Sky Survey (2MASS), proposed that the MWG bar is likely to have formed more recently than 3 Gyr and must be younger than 6 Gyr. As T bar is not very well constrained, three different ages are considered: 3, 4.5 and 6 Gyr. In this case, the Galactic bar has formed 3, 4.5 and 6 Gyr ago, respectively, and the flows induced by the Galactic bar started at t bar = 13.2 Gyr − T bar . For the sake of simplicity, we will show the results for T bar = 3 Gyr and discuss the results if T bar is changed to 4.5 and 6 Gyr.
On the other hand, inflows in the disc are expected to occur during the entire evolution of the Galaxy (PC00, Lacey & Fall 1985; Spitoni & Matteucci 2011; Bilitewski & Schönrich 2012) . We have computed two variable flow velocities that are shown in Fig. 4 . The dashed line is the flow velocity pattern for the case where there is no bar. In this case, there is an inflow of gas in the direction of the Galactic Centre. In this model, it is considered that the disc radial flows start at the beginning of the MWG formation and last to the present time. The dash-dotted line in the same figure represents the model with the bar-like gas flows. In this case, for t < t bar there are no gas flows in the Galaxy, and the chemical evolution is the same as in the case of MD05. As the time increases, after a time t t bar , the Galactic bar starts to change the radial flow pattern in the inner disc. At this moment, the flows begin with the velocity pattern described by a dash-dotted line in Fig. 4 . The plus and minus signs in the velocities give the direction of the flows. As already mentioned, a positive velocity means that the flow is towards the centre of the Galaxy, while a negative velocity means that the flow is in the opposite direction. In order to reproduce the data available for the inner Galaxy (bulge and disc), two independent scalefactors are used: ξ1 . We defined t bar as t bar = 13.2 Gyr − T bar . At t t bar , the Galactic bar starts to contribute to the gas flows at the inner Galaxy, and the flow velocity pattern is represented by the dash-dotted line in the case of model RFB (see Table 1 ). Three different values for T bar are considered: 3, 4.5 and 6 Gyr (see the text). The vertical dotted lines mark the positions of the CR and the OLR radii. and ξ2. These parameters are multiplicative factors of the velocity at a given position k. The final velocity is given by
where vr(k) is the original velocity proposed by PC00. We varied the values of the parameters ξ1 and ξ2 between 0 and 20 in steps of 0.1. Here we just show the main results obtained by varying the parameters ξ1 and ξ2. We should stress that in our models the radial inflows are faster than the radial outflows, as can be seen in Fig. 4 . This causes a net gas flow towards the centre of the Galaxy. Therefore, we should expect an increase of mass of gas in the central regions of the MWG and, consequently, an increase of the nuclear SFR. This will be explored in more detail in Section 4.1.
Angular momentum conservation in the disc
Infalling gas from the halo with a lower angular momentum than the gas rotating in the disc produces an inflow in the disc at a velocity of a few km s −1 (Lacey & Fall 1985) . Recently, Bilitewski & Schönrich (2012, hereafter BS12) proposed a simple analytic scheme to describe the coupling of infalling gas from the intergalactic medium and radial flows within the disc based on angular momentum conservation. In their model, only the case of infalling gas with a lower angular momentum than the disc gas was considered. Thus, the gas always flows radially inwards and each ring just receives mass from its outer neighbour. BS12 give the following relation between the radial flow velocity vr and the difference of velocities of the infalling gas vi and the gas rotating in the disc Vc:
where f × gH is the rate of infalling gas in the disc from the halo, and gD is the disc gas mass in the correspondenting ring. The velocity of the infalling gas is parametrized by BS12 assuming a linear relationship with the galactocentric distance:
In this equation, b and a are free parameters and Rout is the disc outer radius. By changing the parameters a and b and comparing the model results with the Fe/H radial gradient from Cepheid stars, BS12 were able to find the best -fitting parameters. In their fig. 3 , they show the resulting flow velocities for some models at four different times: 3, 6, 9 and 12 Gyr. Thus, we can test the flow velocities proposed by BS12 in our models with radial gas flows and to compare the results from the flows originated due to the angular momentum conservation in the disc with the flows caused by the Galactic bar.
OBSERVATIONAL DATA
The data sets which the models will be compared to are described in this section.
Bulge sample
Data for the bulge red giant branch ( 2004), hereafter IAG-USP sample. This sample comprises low-resolution (R ∼1000) and moderate signal-to-noise ratio spectra of 100 PNe obtained with the 1.60m telescope of the National Laboratory for Astrophysics (LNA, Brazil).
Disc sample
Abundance gradients in the Milky Way disc are commonly traced by measuring the abundance of metals such as O, Ne, S, Ar, and Fe as a function of the Galactocentric distance. The first four elements are mostly observed in emission line objects like H ii regions and PNe, while Fe is mostly observed in the absorption lines of stars. Esteban et al. (2005) performed echelle spectrophotometry of eight Galactic H ii regions with the Very Large Telescope Ultraviolet Echelle Spectrograph. Balser et al. (2011) measured radio recombination line and continuum emission in 81 disc H ii regions with the National Radio Astronomy Observatory Green Bank Telescope. The data of six H ii regions obtained from Rudolph et al. (2006) were observed in the far-IR using the Kuiper Airborne Observatory and combined with Very Large Array radio continuum observations to determine the abundances of O, N and S. The authors combined these data with reanalyzed literature data, resulting in a data set of 117 H ii regions. The disc data for PNe are obtained from Henry et al. (2010) , where spectrophotometric observations of 41 Galactic PNe are presented, which were combined with the data of Henry et al. (2004) and Milingo et al. (2010) , providing a completely homogeneous sample of 124 Galactic PNe. This sample was recently classified by Maciel & Costa (2013) in groups of young and old objects according to their individual ages. Their best method for age determination was adopted, resulting in a final PN sample of young objects with ages of the order of 1 Gyr.
The Fe radial gradient is measured from the Cepheid variable stars' data of Andrievsky et al. (2002a,b) and Luck & Lambert (2011) . The first two studies provide Fe abundance determination for 101 Galactic Cepheids based on high-resolution (R ∼ 80 000), high signal-to-noise ratio (S/N> 100) spectra obtained at the Anglo-Australian Observatory. Luck & Lambert (2011) give Fe abundances for 226 Cepheids obtained from high signal-to-noise (S/N∼100) and high-resolution (R∼30 000) spectroscopic observations with the Hobby-Eberly Telescope.
The disc radial profile of the diffuse gas surface density is obtained from Nakanishi & Sofue (2003) , who derived a three-dimensional distribution of H i gas in the MWG using the latest H i survey data cubes and rotation curves. The similar data for the molecular gas surface density profile are taken from Williams & McKee (1997) and Olling & Merrifield (2001) . The former fitted the mass distribution of molecular clouds using cloud catalogues of two CO surveys of the first quadrant. The latter presented a tabulated version of the radial variation of the molecular hydrogen calculated from axisymmetric Milky Way mass models. The SFR radial profile is compared with the data of Stahler & Palla (2005) , which compiled data of observations from supernova remnants, pulsars and H ii regions.
RESULTS
We ran several models by varying the parameters of the velocity pattern of the flows, ξ1 and ξ2, in the cases with and without the bar. The parameters of the best models are summarized in Table 1 . The first column in this table indicates the name adopted for the model and the second the gas flow velocity pattern. The third column shows the velocity vr in the case of the constant velocity models and the fourth and fifth columns give the scalefactors used in the pattern velocity of PC00. We now turn to the results of the models. Model RFB with the bar does not change dramatically the bulge MDF. It is important to note that models with radial flows do not show differences in the MDF in a level that observations would be able to constrain, given the actual observational data uncertainties. Oxygen abundances in PNe reflect the interestellar abundances at the time the progenitor star was born, although a small depletion may be observed due to ON cycling for the more massive progenitors. The bulge O/H abundance distribution is shown in Fig. 6 . The observational data are 100 PN abundances from the IAG-USP sample. All models are able to reproduce the data, in spite of the fact that model RFC can fit better the wings of the distribution. The largest discrepancies between the models and observed distribution occur at the peak of the distribution, in which case the models predict a peak higher than the data. This can be due to oxygen depletion in the intermediate-mass population, or due to the incompleteness of the observational sample.
Galactic bulge
Usually, in order to reproduce the bulge MDF, a scenario is required where the bulge is formed by the fast collapse of primordial gas accumulating in the centre of the MWG, as noted by many authors (Cescutti & Matteucci 2011, and references therein). Nonetheless, we have noticed that we need in our models a collapse time-scale of τ = 2 Gyr, which is longer than previous works, to reproduce better the recent asymmetrical bulge MDF of Hill et al. (2011) . Additionally, a Ferrini et al. (1990) IMF is used in our models instead of a top-heavy IMF like that of Ballero et al. (2007) . Frequently, the asymmetrical bulge MDF of Hill et al. (2011) is interpreted as an MDF composed of two main populations: one metal poor formed with a shorter time-scale and other metal rich formed with a longer time-scale (Grieco et al. 2012; Tsujimoto & Bekki 2012) . This is not the case in our models, where one single time-scale and a steeper IMF are adopted to reproduce the recent observational data. Fig. 7 (top) shows the time evolution of the bulge SFR normalized with the bulge SFR of the reference model (SFRMD05). The SFR in the bulge increases very fast in the first Gyr of the bulge formation, reaching the maximum value at t = 0.7 Gyr. In the case of model RFC, the SFR is higher during the entire bulge evolution. This is so because the inflow of gas in this model increases the gas density in the inner regions of the Galaxy since the bulge formation. In this model, at the end of the bulge evolution, the SFR is increased by 19 per cent compared with the reference model. In the cases of model RFB, the gas flows start at 10.2 Gyr when the bar is formed, and the bulge ratio SFR is increased by 27 per cent compared with the reference model. Since the bulk of the bulge stars form at the first Gyr of the MWG formation, the effects of the radial flows of these models are not seen in the SFR at this point. Only after t = t bar , it is possible to note an appreciable difference in the SFR due to radial flows in the cases of the model with bar-like gas flow. It is important to note that in model RFB, the radial inflows are faster than the radial outflows, as can be seen in Fig. 4 . This causes a net gas flow towards the centre of the Galaxy. Therefore, we should expect an increase of mass of gas in the central regions of the MWG and, consequently, an increase of the nuclear SFR.
The model predictions for the bulge metallicity time evolution are shown in Fig. 7 (middle panel) . The [Fe/H] time evolution is very similar for all models. It increases very fast at the beginning of the bulge formation, since the SFR is increasing very fast at this time. After 6 Gyr, it stays almost constant as time increases. Model RFC presents slightly higher [Fe/H] values compared with the other models, since the effects of the gas inflows in the bulge are more important in this model. The same occurs for the O/H time evolution (Fig. 7, bottom panel) .
Our models are also able to predict the evolution of abundance ratios. This is shown in Fig. 8, (2013) and Rich et al. (2012) are higher than the results of our models. Johnson & et al. (2013) compared their data with the model of Kobayashi et al. (2011) and the better agreement is reached with a flat IMF (x = 0.3) and both outflow and a larger binary fraction than the solar neighbourhood. However, their model still predicts lower [O/Fe] than the observational data for [Fe/H] < −0.5. In our case, it seems that the yields of oxygen for high-mass stars from Woosley & Weaver (1995) need to be increased in order to reproduce the most recent data of the bulge. Mg is also underestimated by our models and we manually shifted the model predictions by +0.35 dex in order to reproduce the observational data. In Mollá et al. (2000) this fact was already noted and the underestimation of Mg abundances by our models is probably related with the SN II nucleosynthesis model of Woosley & Weaver (1995) . As discussed by Mollá et al. (2000) , to reproduce the Mg abundance, the SN II nucleosynthesis should be two times higher than predicted by Woosley & Weaver (1995) . The data show that [Mg/Fe] is less sensible with the Fe production by the SN Ia explosions. Compared with the data, the models predict a steeper [Mg/Fe] ratio for higher metallicity regime. It seems that in order to the models reproduce the data, Mg production should be increased in both SNe Ia and SNe II. The stellar yields of Mg from low-to intermediate-mass stars as proposed by Karakas (2010) should also be considered in order to increase Mg abundance in our models. Since the results of the present paper are not affected by Mg abundances, this will be addressed in a future paper.
We ran several models with different values for T bar and the main conclusions of this section remain unaltered. Changing T bar from 10.2 Gyr to the extreme value of 7.2 Gyr (bar age of 6 Gyr) has little effects on the results of model RFB. Considering T bar = 7.2 Gyr, the main differences found are in the bulge MDF. The number of stars in the peak of the MDF decreases while the number of stars with higher metallicities increases. Nonetheless, the peak of the distribution remains at the same position, still reproducing the observed MDF. It is interesting to note that in our models, a young bar of 3 Gyr is able to reproduce the main observational data available today. However, within these simplified models it is not possible to discuss in detail the scenarios for bar formation, its structure and age, and the related gas flows, which is beyond the goals of this paper.
Galactic disc
The surface gas density profile predictions are shown in Fig. 9 . Portinari & Chiosi (1999) noticed that the gas profile peak at 4 kpc is due to the dynamical influence of the Galactic bar and that static chemical evolution models are not able to reproduce it if other constraints like the disc metallicity gradient and surface gas density profile are fitted as well. The model of MD05 is not an exception in this case. Our reference model predicts a much lower σH i and σH 2 than the observations do for R < 8 kpc. The inner disc gas density profiles are better reproduced using radial gas flows, as can be seen in Fig. 9 . Model RFC shows that just an inflow of gas is not sufficient to increase the gas density in the inner disc in a level that matches the observations. In particular, model RFB, which includes the bar, is able to fit the σH i profile at the inner disc much better than our other models do. This is in agreement with PC00, where only their model with the effects of the bar is able to reproduce the radial gas profile properly. On the other hand, we cannot compare our results in this region with those from Spitoni & Matteucci (2011) , since their models are focused in the outer disc and effects of the central bar are not considered.
One advantage of the models with radial flows is that it Figure 9 . Top: molecular gas surface density radial distribution for each model, compared to the observational data from Williams & McKee (1997) and Olling & Merrifield (2001) . Middle: diffuse gas surface density radial distribution. The observational data (circles) are from Nakanishi & Sofue (2003) . Bottom: stellar surface density with the data from Talbot (1980) . The lines for the models are as in Fig. 5 . The black filled circles with error bars denote the mean and the standard deviation of the data computed in bins of 2 kpc.
is possible to perform a reasonable fit to the present disc SFR profile. The predictions of the models are shown in Fig. 10 . The observational data are from Stahler & Palla (2005) and are based on supernova remnants, pulsars and H ii regions. At the inner disc the data are widely spread in SFR, mainly due to the H ii regions data from Guesten & Mezger (1982) . These data contrast to the other data from SNe remnants and pulsars at the inner disc, showing higher SFR values at R ∼ 3−4 kpc. As already pointed out by Kennicutt & Evans (2012) , the SFR data from H ii regions need new observations. We followed Kennicutt & Evans (2012) and attributed an error of 0.3 dex to these data. To better visualize the data, we divided the SFR into bins 2 kpc wide and, in each bin, we computed the mean weighted by the individual errors. The stars with error bars in Fig. 10 correspond to these averaged SFR. In this figure, we can see that the best fit is achieved with model RFB when the velocity scalefactors ξ1 and ξ2 are 15.5 and 8.0, respectively. That is, in order to reproduce the SFR profile, our models need a faster velocity profile than PC00 used in their work. We can conclude that the present SFR in the MWG inner disc is highly affected by the gas dynamics at this region. Our models indicate that the Galactic bar may play an important role in the SFR of the inner disc.
Since we are not performing detailed gas-dynamical simulations of bar formation and the evolution of the gas flows at the inner disc, it is not possible to point out if this is the major effect of the enhancement of the SFR at the inner disc. Considering that our reference model underestimates Figure 10 . Present SFR as a function of the galactocentric distance. The SFR is normalized for the solar SFR. The observational data are from Stahler & Palla (2005) . The circles represent the SN remnants data, squares the pulsar data and triangles the H ii region data. The stars with error bars denote the mean weighted by the individual errors in the SFR and the standard deviation of the mean, respectively. Line styles for our models are as in Fig. 5 .
the SFR at the inner disc, radial flows induced by the bar may be the answer why traditional chemical evolution models are not able to reproduce the SFR at this region. Another important constraint for chemical evolution models is the disc [Fe/H] radial gradient. Fig. 11 shows the disc [Fe/H] radial gradient for Cepheid stars from Andrievsky et al. (2002a,b) and Luck & Lambert (2011) . All models are in agreement with the data, although the reference model seems to predict a higher gradient level than the recent data of Luck & Lambert (2011) indicate. Models with radial flows are better in agreement with the data. The lack of data for the outer region of the disc (R > 15 kpc) makes impossible to constrain the models at this region. Our models show that iron abundances continue to diminish as the radial distances increase. More data are needed in the outer disc for a complete view of the iron gradient in this region.
The [Fe/H] radial gradient in the case of T bar = 6 Gyr is steeper in the inner disc (R < 8 kpc) and flatter in the outer disc than the case with T bar = 3 Gyr. But the differences are small and given the present uncertainties in the chemical abundances it is not possible to constrain the age of the bar with the models. Fig. 12 shows the oxygen radial gradient from H ii regions of Balser et al. (2011) (triangles), Esteban et al. (2005) (squares) and Rudolph et al. (2006) (circles) . Since the data are widely spread in abundance, to better understand its trend, we divided the data into bins as functions of the galactocentric distance. In each bin, we computed the mean value and the standard deviations. The bin sizes are chosen to be in agreement with the size of the shells of our models. In Fig. 12 , black circles with error bars denote the mean and the standard deviation of the data with bins 2 kpc wide. The reference model of MD05 is in good agreement with the observational data in Fig. 12 . However, both models RFB and RFC with radial flows seem to reproduce better the data trend represented by the circles with error bars. The lack of data for the inner disc makes it difficult to compare with our models in this region. It is worth noting that models with radial flows predict the decrease of the abundances towards the Galactic Centre. This is in agreement with the results of Cavichia et al. (2011) and Gutenkunst et al. (2008) from PNe. Comparing Figs 11 and 12, oxygen shows a flatter gradient when compared with iron, since the time-scales involved in the production of these two elements are different.
It is interesting to note that in Figs. 11 and 12 the inclusion of the gas flows in model RFB steepens the gradient at the inner disc and flattens the gradient at the outer disc. It is well known that barred galaxies display systematically shallower gradients than ordinary spirals (e.g. Alloin This is likely a consequence of the radial mixing induced by bars (Friedli et al. 1994) . The radial gas flows transport fresh disc material from the outer regions towards the inner ones. Consequently, the density of gas is increased at the inner disc and bulge, and the star formation and the production of metals are also increased.
In fact, Martin & Roy (1994) found a correlation for external galaxies between the strength of a bar and the metallicity gradient. Using their parametrization and the Galactic bar axial ratio of 0.6 from Merrifield (2004) , we get an O/H radial gradient of −0.051 dex kpc −1 , which is compatible with the most recent O/H radial gradient of (−0.058 ± 0.006) dex kpc −1 obtained by Henry et al. (2010) from PN data.
One concern about the evolution of spiral galaxies is the time evolution of abundance gradients. An interesting discussion about the shape and the temporal evolution of the MWG radial gradient is given by Henry et al. (2010) . On the one hand, Stanghellini & Haywood (2010) conclude that the MWG disc abundance gradient has steepened with time. On the other hand, Maciel & Costa (2009) claim that the gradient has flattened over time. Therefore, the present data ended up to a conflict where both scenarios of flattening and steepening of the gradient are observed. A recent work by Maciel & Costa (2013) based on individual age determinations for the PN central stars can shed some light on this problem. This work suggests that the average oxygen gradient has remained constant during the last 4-5 Gyr.
Resolving this problem about the temporal evolution of the abundance gradient is extremely important from the standpoint of chemical evolution of the MWG. The temporal evolution for the O/H radial gradient for our models is shown in Fig. 13 for four different ages: 1, 10, 11 and 13.2 Gyr. Clearly, in the models with the bar-like radial flows the gradients are flattening in the last 3 Gyr, if considered Galactocentric distances are in the range of 8 − 15 kpc. Although the models with the bar-like radial flows predict a flattening of the oxygen gradient, the differences are small compared with the data dispersion in this region. In the outer parts of the disc, for R > 15 kpc, the models predict a declining of oxygen abundances as R is increased. To confirm these results, it is needed to extend the observational data to radial distances beyond 20 kpc from the Galactic Centre. Then it will be possible to establish the gradient in terms of its actual value in addition to its shape at the outer disc.
Angular momentum conservation
We adopted the radial flow velocity profiles of BS12 to test the effects of the radial flows in the disc due to angular momentum exchange. The reader is referred to the original paper of BS12 for details on the implementation of the model. A brief discussion is given in Section 2.3.3 of the present paper.
Two different flow velocity patterns were adopted from the profiles of BS12, corresponding to their model parameters a = 0.5 and b = 0.3 (model BS12b03) and a = 0.5 and b = 0.5 (model BS12b05) at four different times: 3, 6, 9 and 12 Gyr. In this case, the flow velocity for model BS12b03 increases with the galactocentric distance, while for model BS12b05 it increases up to 11 kpc, where it starts to decrease, as can be seen in their fig. 3 . The BS12b05 model has vr < 0.9 km s −1 , while the BS12b03 model has vr < 3 km s −1 . In both models the flow velocities decrease with time. Fig. 14 shows the results from models BS12b03 (dashed lines) and BS12b05 (dash-dotted lines) compared with our reference model MD05, continuous line. The BS12b05 model predicts correctly the radial distributions of O/H, Fe/H and stellar mass surface density. But, as in the case of our reference model, it fails in reproducing the SFR, σH i and σH 2 in the inner regions of the galactic disc (R < 8 kpc). This was expected, since BS12 do not take into account the effects of the galactic bar at the inner regions of the galactic disc.
The BS12b03 model predicts steeper O/H and Fe/H abundance gradients than the data show. At the inner disc, the abundance gradients are correctly predicted. Although higher velocities are adopted for this model, the problem of radial distributions of the SFR, σH i and σH 2 at the inner disc is still not solved.
We conclude that, although the BS12 radial gas flows are not able to fit the radial distributions of gas and SFR at R < 8 kpc, they can predict correctly the disc abundance gradients of O/H and Fe/H. Therefore, radial gas flows in the disc based on the angular momentum conservation of the infalling gas are important to shape the disc abundance gradients in the sense that they become steeper with the increasing of the flow velocities.
SUMMARY AND CONCLUSIONS
In this paper, we have computed a set of chemical evolution models for the MWG bulge and disc where we have considered a scenario involving radial gas flows between concentric radial zones. We have adopted the model of MD05 as our reference model and compared different gas flow pattern velocities with this model. In particular, we investigated the role of the Galactic bar in the chemical evolution of the MWG. It is well known that, in the absence of interactions, central bars might be the most effective mechanism for radial motions of gas and mixing in barred spiral galaxies. Therefore, it is expected that the dynamical effects induced by the Galactic bar in the first few kpc of the Galactic discs might play an important role in the disc profiles in this region (Gutiérrez et al. 2011; Di Matteo et al. 2013; Fisher et al. 2013) . In order to investigate these effects on the chemical evolution of the MWG, we have adopted the radial flow scheme of PC00 and our main goal is to analyzse in detail the role of radial flows not only in the abundance gradient of the disc, but also in the formation and evolution of the Galactic bulge. Three different ages for the Galactic bar are considered: 3, 4.5 and 6 Gyr. The main results of this paper can be summarized as follows.
(1) All our models are able to reproduce the bulge metallicity distribution of 219 red clump stars from Hill et al. (2011) . We considered a scenario where the bulge is formed with a collapse time-scale of 2 Gyr, which is longer than other chemical evolution models predict. Also, a flatter IMF of Ferrini et al. (1990) is used, rather than a top-heavy IMF of Salpeter or Ballero et al. (2007) . There is no need to invoke a second infall episode, as recently suggested by other authors (Grieco et al. 2012; Tsujimoto & Bekki 2012) to explain the observed metallicity distribution.
(2) The model with a constant radial inflow of gas and velocities lower than 1 km s −1 , occurring during the whole MWG evolution, increases the present bulge SFR in 19 per cent, compared with the reference model. A higher star formation in the bulge in this model moves the bulge MDF to higher abundances, although not in a level that might be noted in the observations. On the other hand, models with the bar-like radial flows do not change the bulge MDF, since the bulk of bulge stars are formed in a much shorter timescale, before the bar formation. The model with the bar-like radial flows (RFB) predicts the highest present bulge SFR, which is 27 per cent higher than the SFR of the reference model of MD05. This is fully in agreement with the results of Ellison et al. (2011) , showing that bars can also enhance the central star formation in massive barred galaxies.
(3) We are able to reproduce the present SFR radial profile at the inner regions of the Galactic disc. In particular, our model with the bar-like radial flows can perform a reasonable fit to the peak of SFR at ∼ 4 kpc, given the actual SFR uncertainties at the inner disc. The present H i surface density radial profile is also correctly predicted at the inner disc, whereas the H2 radial profile is underestimated at the inner disc, although this model is our best model to predict the H2 radial profile. In general, static chemical evolution models are not able to reproduce this peak if other constraints like the disc metallicity gradient and surface gas density profile are fitted as well. Our models indicate that the Galactic bar may play an important role in the SFR and gas surface density at the inner disc.
(4) Compared with the reference model, radial flows induced by the bar can flatten the oxygen abundance gradient for R > 8 kpc in a relatively short time-scale of 3 Gyr. Additionally, the oxygen gradient is steeper for this model for 4 < R < 8 kpc. This model with the bar-like radial flows predicts an positive oxygen abundance radial gradient for R < 4 kpc, which is in agreement with the observations of PNe in this region (Gutenkunst et al. 2008; Cavichia et al. 2011) . The iron abundance radial gradient is less affected by the radial gas flows, although some differences were found. The same trend of the oxygen radial gradient was noticed with the bar-like radial flows. However, with the present uncertainties in the observations, it is not possible to point which model gives the best fit to the data. The radial flows produce a net accumulation of mass in the inner regions of the disc and may enhance a central star formation. This results in a flatter abundance gradient for the outer disc and in a steeper gradient for the inner disc.
(5) A model with radial gas flows in the disc due to angular momentum exchange between the accreted infalling gas and the gas rotating in the disc was proposed by BS12. We tested the effects of these flows in our models and they can correctly predict the disc abundance gradients of O/H and Fe/H, although the gas surface density and the SFR at the inner disc are underestimated.
